Abstract: The paper presents an active power filter (APF) to eliminate harmonics and to compensate reactive power and neutral current of three-phase four-wire symmetrical and unbalanced nonlinear loads. A set of three singlephase insulated-gate bipolar transistor (IGBT)-based voltage source inverter (VSI) bridges with a common DC bus capacitor is used as the APF. A sliding mode controller (SMC) over the average DC bus voltage is used for the control. A hysteresis rule based carrierless pulse width modulation (PWM) current control is employed to generate the gating signals to the switching devices. A set of three single-phase diode bridge rectifiers with capacitive-resistive loading is used for nonlinear loading. The simulation results show that the APF is capable of compensating reactive power, neutral current and load unbalance and reducing the harmonic level below the limit specified in IEEE-519 standard.
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Introduction
The increased use of nonlinear loads, such as switch mode power supply (SMPS) in computers [1, 2] , rectifier devices in TVs, ovens and telecommunication power supplies and commercial lighting systems [3] cause excessive neutral currents, harmonic injection and reactive power burden in the power system. They result in poor power factor, lower efficiency and interference to adjacent communication systems. In the past L-C filters were employed to reduce harmonics and power capacitors were used to improve the power factor of the AC mains, however, they have the demerits of fixed compensation level, large size and resonance. In the last two decades, a device generally named as active power filter (APF) has been investigated to provide an appropriate solution to most of these problems [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The names such as active power line conditioner, reactive power compensator and harmonic filter are also used in this context. the APFs are proposed for single and three-phase systems differing in the topology of the connection such as series, parallel, multistep, multilevel etc. A number of control concepts such as instantaneous reactive power theory [5, 8] , notch filter [12] , synchronous reference frame [13] and synchronous detection [7] are reported in the literature on APF. PI [13] and sliding mode control [14] are used in the different APFs. Several publications [5, 7, 8, 11, 13, 14] are available on the APFs for three-phase, three-wire systems. The publications on four-wire, three-phase APF systems are limited [10, 12, 15] and most of them cover only individual aspects such as neutral current compensation, or reactive power compensation, or harmonic elimination or unbalanced voltage systems.
This paper deals with an APF for three-phase, fourwire electric power distribution systems to compensate reactive power, neutral current, harmonics and as well as balancing of supply currents with unbalanced nonlinear loads. The system configuration, control scheme and the modelling and analysis technique for the APF proposed, are presented. The simulation results demonstrate the versability of the APF for providing a comprehensive solution for the different power quality issues involved. The APF consists of three single-phase IGBT based VSI bridges with a common DC bus capacitor. These VSI bridges are isolated from the AC mains using three single-phase transformers to obtain a suitable DC bus voltage level [16] . A hysteresis rule based carrierless PWM current control over the APF reference and sensed currents is employed to derive the gating signals for the IGBTs. The load used consists of a set of three single-phase diode bridge rectifiers with input source impedance and resistive-capacitive loading. With this arrangement, unbalanced and nonlinear loading conditions are obtained. Depending upon load parameters, pulsating nonsinusoidal peaky phase currents are drawn causing neutral current flow which could even exceed the phase current [1, 2] . When digital control is used, the supply voltage, DC bus voltage and load currents are sensed and fed in through analog-to-digital converters (ADCs) and reference APF currents are outputed through digital-to-analog converters (DACs) of the digital system. The main function of the APF is to eliminate harmonics and supply neutral current, compensate reactive power and load balancing locally such that the AC mains supplies only fundamental sinusoidal unity power factor currents to the system. , i* b and i* c ) . The APF meets locally the flow of harmonics, reactive power and neutral current required by the loading condition and makes a nonlinear unbalanced load appear as an ideal, linear, unity power factor, balanced load.
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Analysis and modelling
The system studied comprises the AC mains, nonlinear load, APF and its control scheme. All the components of the system are modelled in sequence to simulate the behaviour of the APF system.
Model equations of control scheme
The functional details of control scheme is described in the previous Section. Here the model equations are developed for the different blocks. 
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and its derivative is defined as { } (2) where T is the sampling interval and Xi and x 2 are the state variables.
In sliding mode control, the values of switching functions y\ and y 2 are defined as follows [14] : 
Estimation of instantaneous reference supply currents:
Harmonic free, unity power factor, three-phase balanced reference supply currents are estimated using their peak value (I* p ) and unit current vectors as
where u sa , u sb and u sc are current vectors derived as 
Estimation of reference APF currents:
Three-phase instantaneous reference currents of the APF are estimated from reference supply currents and sensed load currents as 
Hysteresis current controller:
The APF is comprised of three single-phase IGBT based bridges each fed from an input transformer [8, 16] 
State space equations of the APF
The APF is connected through three single-phase transformers to the AC input, with a common DC bus capacitor (C DC ) at its output. Each phase input transformer has equivalent parameters of an inductance (L c ) in series with resistance R c . The APF is operated in current controlled mode and is modelled by the following state space equations: 
Modelling of load
A set of three single phase loads is connected to a fourwire, three-phase AC mains. Each phase load consists of a single-phase uncontrolled diode bridge rectifier with an input AC impedance and capacitive-resistive DC side loading. This combination is equivalent to generally used nonlinear loads. It has two modes of When diodes are not conducting, i ia and i da will be zero and charged capacitor C la will feed the DC load, Ri a . Eqn. 15 is modified accordingly for the discharging mode of operation. Similarly the model equations for the other two phase (b and c) loads are derived. The neutral load current (/";) is computed by adding all three-phase load currents (i[ a , i lb and i lc ) . The singlephase and two-phase loading conditions are obtained by considering only the equations for the loaded phases.
The set of first order differential eqns. 8-11, 14 and 15 and four more equations for other two phase loads with other expressions define the dynamic model of the APF system. These model equations are integrated using fourth order Runge-Kutta method to simulate the transient and steady state behaviour of the APF system. A standard FFT package is used to compute harmonic spectrum and total harmonic distortion (THD) of the AC load current and supply currents. 
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Performance of the APF system
Figs. 3, 4 and 5 demonstrate the steady state and transient behaviour of the APF and harmonic spectrum of r load and supply currents for a typical four-wire, threephase distribution system supplying nonlinear loads. The essential parameters of the system are given in the Appendix, (Section 8). Fig. 3 Figs. 4 and 5 show the harmonic spectrum of load and supply currents for single-phase (1.46kW), twophase (2.92kW) and three-phase loads (4.37kW). The APF is able to reduce THD of supply current from 51.84% to less than 0. 5%> meeting the harmonic limit specified by IEEE-519 standard [17] .
Conclusions
Sliding mode control of the APF system has resulted in fast dynamic response and excellent steady state response. It has been observed that the APF has compensated reactive power, neutral current, load unbalance and harmonics in the case of unbalanced nonlinear loads. It has also been observed that supply currents always remain sinusoidal and lower than load currents, thereby increasing the loading capability of the AC mains. The APF enhances the system efficiency as it avoids the flow of harmonic and reactive power components and the neutral current in the AC mains. The APF effectively makes a non-linear load to appear as a linear, unity power-factor load at the mains. It is also effective in reducing the THD of load current below the limit specified by IEEE-519 standard [17] .
